Introduction
============

Restoration of the mechanical axis is one of the most important factors influencing the longevity of implants in total knee arthroplasty (TKA). The most commonly used instruments in TKA are the extramedullary alignment guide for tibial resection and the intramedullary alignment guide for distal femoral resection. They have been used for decades, are relatively easy to use, and are familiar to most knee surgeons. However, they have been associated with limited accuracy for various reasons such as variation in the femoral neck-shaft angle in individuals, mismatch between the width of the femoral canal and the intramedullary rod, inaccurate placement of the jigs, and wrong bone cuts.

Patient-specific instruments (PSIs) were recently introduced to increase the accuracy of the surgical technique and avoid issues related to the complexity of the navigation system, such as procedural costs, surgical time, and learning curve. However, postoperative alignment following TKA with use of PSIs showed conflicting results[@b1-ksrr-31-019]--[@b4-ksrr-31-019]. This study investigated the accuracy of alignment associated with a PSI manufactured at the author's institution for TKA.

Materials and Methods
=====================

In the present study, 27 patients treated surgically at the authors' institution for TKA using the PSI between June 2017 and December 2017 were enrolled and analyzed. The inclusion criteria were the diagnosis of primary osteoarthritis, no history of open knee procedures, an extension deficit less than 20°, and coronal deformity less than 15°. The PSI for TKA was manufactured by a 3D printer (Objet Connex 500, Rehovot, Israel) at the authors' institution and registered by the Korean Ministry of Food and Drug Safety. All surgical plans were specifically made, modified, and approved by a single surgeon (KK) before surgery. Our institution's Ethics Committee approved the study, and informed consent was obtained from all patients (KYUH 2017-10-008).

1. Reconstruction of Three-Dimensional (3D) Model
-------------------------------------------------

Using an 80-channel computed tomography (CT) (Aquilion PRIME, Canon, Tokyo, Japan), 1-mm-thick axial CT images of the hip, knee, and ankle were obtained preoperatively in all patients. Computer software (Mimics ver. 19; Materialise, Leuven, Belgium) was used to generate a 3D model of the patient's anatomy via thresholding and 3D CT reconstruction.

2. Preoperative Determination of Axes for Alignment
---------------------------------------------------

The mechanical axis of the femur was determined by connecting the center of the femoral head and the femoral knee center. In the tibia, the mechanical axis was determined by connecting the tibial knee center and the ankle center ([Fig. 1A--C](#f1-ksrr-31-019){ref-type="fig"}). The surgical transepicondylar axis was used for femoral component rotation ([Fig. 1D](#f1-ksrr-31-019){ref-type="fig"}).

3. Proposed Bony Resection and Determination of Pin Location
------------------------------------------------------------

Proposed bony resections to obtain the desired coronal and rotational alignments were templated. Using computer software (SolidWorks, Chicago, IL, USA), a bony resection was made perpendicular to the femoral mechanical axis in the coronal and sagittal planes. In the tibia, coronal bony resection was made perpendicular to the mechanical axis of the tibia, and the posterior tibial slope was set to 3° in the sagittal plane. In addition, the rotation of the femoral component was set parallel to the surgical transepicondylar axis[@b5-ksrr-31-019],[@b6-ksrr-31-019]. The PSI was used as a pin guide to position the manufacturer's conventional cutting blocks, and pin locations were determined according to pre-planned alignment and bony resection thickness ([Fig. 2](#f2-ksrr-31-019){ref-type="fig"}).

4. Measurement of the Accuracy of Pin Location
----------------------------------------------

Accuracy of pin location was determined intraoperatively to record alignments before bone sawing. Knee navigation software (Stryker Co., Allendale, NJ, USA) was used to assess the pin location with respect to the corresponding preoperative plan. Registration of anatomical landmarks for alignment in the navigation-assisted TKA was the same as preoperative planning for TKA with the PSI. Differences were that the hip center was registered with circumduction of the hip with changing radii and both malleoli and both epicondyles were covered with soft tissue in navigation-assisted TKA. The accuracy was measured by placing the navigation instrument into the slot of the conventional cutting block, and any deviation from the planned resection was recorded on the monitor ([Fig. 3](#f3-ksrr-31-019){ref-type="fig"}). The tibial coronal alignment and posterior slope, femoral coronal and sagittal alignments, and surgical transepicondylar axis were determined. A discrepancy within ±3° in each plane was considered acceptable.

Results
=======

In the tibial coronal plane, the mean deviation from the pre-planned alignment was 1.3°±1.9° (range, −4° to 5°). A positive value indicates a deviation in varus alignment from the pre-planned alignment and a negative value suggests valgus alignment. In the tibial sagittal plane, the mean deviation from 3° of posterior slope was 1.6°±2.0° (range, −2° to 5°). Positive values indicate a more posterior slope from the pre-planned alignment and negative values, a more anterior slope. In the femoral coronal plane, the mean deviation from the pre-planned alignment was 0.8°±1.9° (range, −4° to 4°). Positive values indicate a deviation in varus alignment from the pre-planned alignment and negative values suggest a valgus alignment. In the femoral sagittal plane, the mean deviation from the pre-planned alignment was 0.39°±2.1° (range, −3° to 4°). Positive values indicate a flexion from the pre-planned alignment and negative values indicate an extension. Referring to the surgical transepicondylar axis, the mean deviation from the pre-planned alignment was 0.2±2.1 (range, −4° to 4°). Positive values indicate a more external rotation from the pre-planned alignment and negative values suggest an internal rotation. In the tibia, an acceptable alignment was obtained in 24 patients (88.1%) in the coronal plane and in 21 patients (77.8%) in the sagittal plane ([Fig. 4A and B](#f4-ksrr-31-019){ref-type="fig"}). In the femur, a satisfactory alignment was obtained in 25 patients (92.6%) in the coronal plane and in 24 patients (88.1%) in the sagittal plane ([Fig. 4C and D](#f4-ksrr-31-019){ref-type="fig"}). Based on the surgical transepicondylar axis, a satisfactory alignment was obtained in 23 patients (85.1%) ([Fig. 4E](#f4-ksrr-31-019){ref-type="fig"}).

Discussion
==========

PSIs were manufactured with the objective of replacing traditional instruments that need to be sterilized in the operating theater rather than simply following the patient-matched guides and the corresponding implants. However, they have demonstrated limited accuracy[@b5-ksrr-31-019]--[@b12-ksrr-31-019], and postoperative results can be affected by the methods of measurement and accuracy of preoperative planning.

Navigation-assisted TKA may improve accuracy in the coronal plane, but it is not as effective in terms of the accuracy of rotation or tibial slope[@b7-ksrr-31-019]--[@b9-ksrr-31-019]. Although PSIs were reported to improve accuracy in multiple planes owing to 3D planning with either MRI or CT, few studies reported the comparative accuracy of PSIs and other instruments in the sagittal plane[@b10-ksrr-31-019]--[@b13-ksrr-31-019]. In this study, the accuracy was lower in the tibia than in the femur and in the sagittal plane than in the coronal plane. The accuracy of the tibial sagittal plane was lowest, which was 77.8% similar to navigation-assisted TKA[@b7-ksrr-31-019]--[@b9-ksrr-31-019].

Three possible causes gave rise to the inferior accuracy of the coronal alignment of the tibial component than the femoral component, especially the sagittal tibial alignment. Accuracy and reproducibility of determination of the anatomical location may be one of the factors. The determination of the hip center is known to be precise[@b14-ksrr-31-019]--[@b16-ksrr-31-019]. It may be more accurate to functionally determine the center of a hip joint than the ankle joint, marking the most prominent points of both malleoli. In addition, in this study, the medial parapatellar approach was used to place the PSI. In this case, the PSI was located medial to the midline because more bone contact was better for secure placement. It could have affected the accuracy of the posterior slope because of the obliquity of the cut surface. The third possible cause is related to the difference in accuracy and reproducibility of computer-assisted surgery (CAS) and PSI in the marked ankle covered with soft tissue and primarily found by direct palpation. Therefore, land-marking during navigation of the tibia cannot exactly reproduce the preoperative landmarking on the 3D model. Nevertheless, there are two reasons to determine the accuracy of pin location with knee navigation software intraoperatively. First, the assessment of accuracy using postoperative X-ray or CT image is affected by intraoperative sawing error, toggling, cut adjustment, and final impaction. Second, the change of PSI to a navigation-assisted TKA may be necessary in unacceptable outlier cases.

Our results showed an accuracy of 85.1%, which is comparable to corresponding values determined using conventional instrumentation[@b17-ksrr-31-019]--[@b19-ksrr-31-019]. Theoretically, based on preoperative 3D imaging, the PSI should enhance rotational component alignment, even when compared with CAS techniques. Accurate rotational alignment using CAS techniques has been considered difficult to obtain as the anatomic landmarks entered into the system intraoperatively rarely exhibit high accuracy to effectively assess the component rotation[@b17-ksrr-31-019]. In our study, we used the surgical transepicondylar axis as the reference for femoral rotational alignment. In our previous study using 3D CT, the surgical transepicondylar axis was more reliable and reproducible than the anatomical transepicondylar axis because the medial epicondyle appears as a horse's hoof with a marginal elevation measuring 10 mm in diameter[@b6-ksrr-31-019].

In this study, CT was used for 3D model reconstruction. MRI provides an improved image of the cartilage surfaces than CT[@b19-ksrr-31-019],[@b20-ksrr-31-019]. Deviation from the real joint surface based on the cartilage surface estimation using CT-based PSI can result in an inadequate fit between the PSI and bone and differences in bone cutting thickness during intraoperative and preplanning stages. Pfitzner et al.[@b10-ksrr-31-019] reported that MRI-based PSI was more accurate than CT-based patient-specific instrumentation regarding the coronal mechanical limb axis, although differences were only subtle and of questionable clinical relevance. Ensini et al.[@b13-ksrr-31-019] compared 25 MRI-based PSI TKAs with 25 CT-based PSI TKAs: they found no difference in the coronal alignment.

Several limitations of the present study should be noted. First, the patient population was small and there was no comparison with CAS or conventional instrumentation. Second, the enrolled patients had less severe deformity; therefore, the findings of the study may not be applicable to all TKA patients. Third, the use of imageless navigation system could have caused inaccuracy.

Conclusions
===========

Satisfactory alignment was obtained in more than 85% of each plane of the femur and in the coronal plane of the tibia and relative to the transepicondylar axis. Sufficient experience and precise preoperative planning are required to improve the accuracy of the sagittal alignment of the tibia.
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![Preoperative surgical plan for the use of the patient-specific instrument based on preoperative computed tomography. (A) The femoral knee center was marked at the center of the trochlear sulcus anterior toward the distal end of the femoral shaft. (B) The Tibial knee center was marked in the middle of the interspinous sulcus. (C) The ankle center was located midpoint between the most protruding points on the medial malleolus and the lateral malleolus. (D) The surgical transepicondylar axis passes through the medial epicodyle (sulcus) to the lateral epicondyle (eminence).](ksrr-31-019f1){#f1-ksrr-31-019}

![(A) The patient-specific instrument (PSI) was manufactured by considering the distance between the pin hole and the saw slot location of the cutting block of the implant of total knee arthroplasty. (B) PSI for the femur manufactured at the authors' institution.](ksrr-31-019f2){#f2-ksrr-31-019}

![(A) Evaluation with use of the navigation system. (B) Navigation system showing data in both planes.](ksrr-31-019f3){#f3-ksrr-31-019}

![(A) Alignment in the tibial coronal plane. (B) Alignment in the tibial sagittal plane. (C) Alignment in the femoral coronal plane. (D) Alignment in the femoral sagittal plane. (E) Alignment relative to the transepicondylar axis.](ksrr-31-019f4){#f4-ksrr-31-019}
